fish (Friedrich and Korsching, 1998) and has been used compared the VSDI signal before and after application of the AMPA and NMDA receptor antagonists NBQX (500 to study odor-evoked spatial activity patterns and their changes over time across and within the bulbar layers mol/l) and AP5 (1 mmol/l, Figures 1E-1G ). The antagonist effect for this bulb is shown as time course (trace in salamanders (Cinelli et al., 1995) . In turtles (Lam et al., 2000) , VSDI revealed complex spatio-temporal patterns labeled "Dye-Pharma") in Figure 1E , quantitatively and as maps in Figure 1F bottom right (p ϭ 0.008 and p ϭ following odor stimulation; however, odor specificity was not examined. VSDI with a slow detection system 0.016 for the glomeruli marked in blue and red, respectively, Wilcoxon signed rank test, n ϭ 8 trials). The comin insects revealed different on-and offset kinetics of individual glomerular units (Galizia et al., 2000) . For the parison between wash-in of control solution without antagonists (two preparations with eight trials each) and mammalian olfactory system, several questions remained unsolved: are spatial odor representations dythe glutamate antagonists (five preparation with eight trials each) yielded a significant reduction of the signal namic? How does odor concentration influence these dynamics? Does the repetitive sampling by breathing ( Figure 1G , p ϭ 0.0005, Wilcoxon rank sum test). Thus VSDI can measure odor-evoked activation of bulbar cirinfluence the spatio-temporal patterns as it does in the locust (Stopfer and Laurent, 1999) ? Is it modulated by cuitry with high temporal and high spatial resolution. odor stimulation?
With the new blue dye RH-1838, we have therefore Visualization of Olfactory Bulb Dynamics examined the spatio-temporal patterns of odor-evoked in a Single Trial activity in the MOB of urethane-anesthetized rats (Fig- The amplitude of the dye signal was large (more than ures 1-6). In order to extend the utility of VSDI for explo-0.1%), similar to the relatively large signals observed ration of olfaction at the molecular level, using modern with imaging of intrinsic signals in the MOB. In many molecular biology approaches, we also developed the experiments, the VSD signal amplitude was greater than imaging technique for the mouse (Figure 7) . 0.5%, reaching its peak in less than 300 ms after the stimulus onset ( (Guthrie et al., 1993) . When many of very long exposure to odorants were not studied frames were integrated, the maps obtained by VSDI and systematically, here. However, we conclude that the sigintrinsic signal imaging were very similar (Figures 1B nal to noise ratio is excellent (Figure 2 ) allowing the and 1D, no filtering). However, the time courses were comparison of single trial responses resulting from varistrikingly different. The response measured with VSDI ous manipulations of stimuli parameters or behavioral ( Figure 1E ) had a shorter latency (215.2 Ϯ 3.3 ms to half manipulations. maximum versus 1451.6 Ϯ 53.5 ms, n ϭ 8 trials, Ϯ SEM) and faster rise time (27.3 Ϯ 9.9 ms 10% to 90% versus 1911.5 Ϯ 140.2 ms, n ϭ 8 trials) than the intrinsic signal Activation Patterns are Odor Specific and Exhibit Considerable Dynamics response. Unlike intrinsic imaging, the dye signal is able to resolve modulation of MOB activation by repeated
The dynamics of bulbar activation were explored by VSDI in the entire dorsal olfactory bulb rather than in stimulation cycles due to repeated inspiration ( Figure  1E , most obvious in the second inspiration cycle, comsingle glomeruli. As previously observed with imaging of intrinsic signals, we also found with VSDI that evoked pare red traces with respiration trace; artificial inspirations; see Experimental Procedures). At 2 Hz, the dye spatial activation patterns were odor specific ( Figures  3A-3C ) and highly similar across individual trials with signal had a significantly lager amplitude than the intrinsic signal (0.026 Ϯ 0.005 versus 0.009 Ϯ 0.001, p ϭ the same odor in a single animal (Figure 2A Figure 3A) shows an initial maximal activation near the center of the imactivated with different latencies, different rise times, and different decay times (see Figure 4C , below). The aged area (red spot in the 100 ms frame). At 200 ms, the maximal activation was in a more caudal region of glomeruli with the shortest latency are not necessarily those with maximal activation ( Figure 3D ). However, the bulb (white spot at the top), then it returned to the center at 300 ms and moved rostral (bottom of the imwhen comparing the over all activation in the same animal by three different odors, the odor producing the age) 400 ms after the onset of the response. Upon repeated stimulus presentation, this sequential activation strongest activation also has the shortest latency (n ϭ 3). To search for spread of the signal, we display the was maintained. Similar dynamical patterns were ob- activity that is locked to the artificial inspiration cycle was also cancelled out by this procedure, unless it was Some of the glomeruli showed a reduction in activation time at higher odor concentration ( Figure 4C ; region 3 strongly altered by the odor stimulus (see Figure 5A , between respiration-related movement artifacts and ( Figure 6B ) reveals a significant phase advance for region 1 with odor compared to region 1 without odor and respiration-related neuronal activation, we subtracted the mean of the traces without airflow through the nose compared to region 2 with odor (16 repetitions in the same animal). The same analysis for four different refrom all other conditions. This was possible as we synchronized the respiration to the data acquisition. The gions in another animal stimulated with two different odors indicates that the phase advance is both region left panel in Figure 5B shows the respiration-coupled oscillation without an odor stimulus (blue trace), the and odor specific ( Figure 6C, n ϭ 8 repetitions) . To examine the spatial distribution of the time differences more odor activation plus oscillations (red trace), and the flat control trace without any airflow through the nose (green closely, we performed the same analysis for each pixel and plotted the shift of the peak in the crosscorrelotrace) for the region marked in the inset. The comparison of two regions with the same response amplitude shows gramm of each pixel as a map ( Figure 6D , middle panels) and compared it to the standard evoked map and the that the oscillation amplitude differs between regions (blue and green traces in Figure 5B, right panel) . The distribution of the amplitude at 2 Hz. Since every pixel of the camera samples the activity of many underlying amplitude spectrum ( Figure 5C, left panel) for the raw traces reveals peaks at 7 Hz (heartbeat artifact) and 2 neurons and since we compare the phase differences between regions, rather than relative to the respiration Hz (respiration synchronous activation). However, the peak at 2 Hz depends on nasal airflow. The comparison cycle, the phase shift of individual cells could be considerably bigger than it appears here (Wilson, 1998) . of the amplitude spectrum around 2 Hz ( Figure 5C , middle) for the same regions as in Figure 5B shows a signifi-
The localized odor-specific phase shifts indicate that at the level of the main olfactory bulb, substrates for a cant difference between the two regions and a small but significant increase in the oscillation amplitude in spatial and a temporal code coexist. Further experiments are necessary to attribute the generation of these the region marked with a star. Note the general increase in the low frequency range with odor stimulation which temporal dynamics to properties of the receptors in the olfactory epithelium or the olfactory bulb circuitry. In is due to the odor response (red trace in Figure 5C To study the role of individual components in the early nists. Application of AP5 ϩ NBQX reduced the oscillaolfactory system, genetic approaches will be used intion amplitude at 2 Hz by 45% Ϯ 5% ( Figure 5C , right creasingly. We therefore developed the VSDI also for the panel). This change was significant (p ϽϽ 0.001, Wilmouse preparation and examined whether the temporal coxon rank sum test) comparing five animals with eight dynamics in the mouse olfactory bulb are similar to those trials each to two animals with eight trials each in the of the rat. Figure 7 illustrates the results we obtained control group with wash-in of ACSF. The sensitivity to employing VSDI with RH-1838 in a freely breathing glutamate antagonists indicates that the modulation of mouse. With this new dye, the signals in the mouse were the fluorescence change at 2 Hz reflects at least partially very large and readily observed in a single trial. Also membrane potential changes of bulbar neurons.
in the mouse, we found odor-specific spatial patterns which changed over time ( Figure 7A) . Similar to what we observed in the rat, the time course of the rising Odor-Dependent Amplitude Changes phase of activation exhibited two components, a fast and Phase Shifts and a slower one. Likewise, the odor-evoked increases With longer odor stimuli (e.g., 2 s in Figure 6A ), a longer in amplitude of the respiration synchronous oscillation lasting increase of the amplitude in the respiration synwere also found to be region specific as depicted by chronous oscillation is obvious when comparing stimuthe different time courses from a single trial observed lation with the odor methylbenzoate 1% (red trace) and in region one and region two (regions labeled in Figure  filtered air (green trace) . To compare the timing of this 7A and traces shown in Figure 7B , right panel). We conmodulation, we cut the trace in response to filtered air clude that odor-evoked activity patterns in the mouse according to the respiration cycles and scaled it to the olfactory bulb show similar dynamics to those described same amplitude as the odor trace. In the second to above for the rat. Figures 1 and 2) . The population neuronal electrical activity on the population level. brospinal fluid (80%) mixture for the subsequent period of the imweeks were used for this study, including developing the rodent aging. Imaging started 30 min after the artificial CSF was exchanged VSDI methodology. All animal care and procedures were in accorwith the drug solution. dance with the animal ethics guidelines of the Weizmann Institute of Science and the Max Planck Society. Animals were anesthetized using urethane (1.5 g/kg i.p.). Urethane was supplemented throughImaging The cortex was illuminated using an epi-illumination system with a out the experiments. All incision lines and pressure points were injected with a local anesthetic. The body temperature was kept 630 nm interference filter for excitation (Bandwidth of 30 nm), a dichroic mirror (650 DLRP), and a 665 nm long-pass filter for emisbetween 36.5ЊC and 37.5ЊC using a heating pad and a rectal probe. To control sniffing and to provide controlled respiration in rats, the sion. The combination of a 50 mm (25 mm for mice) video lens (f ϭ 0.95, Navitar) with a 135 mm photo lens (f ϭ 1.8, Pentax or f ϭ 2.0, trachea was incised and cannulated with two polyethylene-tubes (G16), one leading to the lung and one to the pharynx. During imaging Nikon) resulted in a 2.7ϫ (5.4ϫ) magnification, i.e., a pixel size of 20 ϫ 20 m (10 ϫ 10 m). Data were collected using a modified Fuji sessions, the animals were artificially respirated (Hugo Basile, Italy) to keep the end tidal CO 2 at 4.0% or allowed to breath freely through camera (HR Deltaron 1700) based imaging system and the DyeDaq software package as described previously (Shoham et al., 1999) . the tracheotomy tube. The ECG and in some cases the EEG were monitored throughout the experiment. Mice were allowed to breathe For the intrinsic imaging, the exposed olfactory bulb was illuminated 
